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Background and Aims: During fibrosis hepatic stellate cells (HSC) undergo activation, 
proliferation, and senescence but the regulation of these important processes is poorly 
understood. The adenosine A2A receptor (A2a) is known to be present on HSC, and its 
activation results in liver fibrosis. In this study, we tested if A2A has a role in the regulation 
of HSC proliferation, apoptosis, senescence, and the relevant molecular mechanism. 

Methods: The ability of adenosine to regulate p53 and Rb protein levels, proliferation, 
apoptosis and senescence was tested in the human HSC cell line LX-2 and rat primary 
HSC. 

Results: Adenosine receptor activation down-regulates p53 and Rb protein levels, 
increases BrdU incorporation and increases cell survival in LX-2 cells and in primary 
rat HSC. These effects of NECA were reproduced by an adenosine A2A receptor 
specific agonist (CGS21680) and blocked by a specific antagonist (ZM241385). By day 
twenty-one of culture primary rat HSC entered senescence and expressed p-gal which 
was significantly inhibited by NECA. Furthermore, NECA induced down regulation of p53 
and Rb and Raci, and decreased phosphorylation of p44-42 MAP Kinase in LX-2 cells and 
primary rat HSC. These effects were reproduced by the cAMP analog 8-Bromo-cAMP and 
the adenylyl cyclase activator forskolin, and were blocked by PKA inhibitors. 

Conclusions: These results demonstrate that A2A receptor regulates a number of HSC 
fate decisions and induces greater HSC proliferation, reduces apoptosis and senescence 
by decreasing p53 and Rb through cAMP-PKA/Rac1/p38 MARK pathway. This provides a 
mechanism for adenosine induced HSC regulation and liver fibrosis. 
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INTRODUCTION 

Activation of hepatic stellate cells (HSC) is recognized as a vital 
step in liver fibrosis and results in the acquisition of multiple func- 
tions including contraction, chemotaxis and matrix remodeling 
(Kawada et al, 1992; Rockey, 1995; Watanabe et al., 2007; Soon 
and Yee, 2008; Mohamadnejad et al., 2010). During fibrosis the 
activated HSC population is simultaneously undergoing prolif- 
eration, apoptosis and senescence (Houglum et al., 1997; Knittel 
et al., 1997; Iredale et al, 1998; Iredale, 2001; Krizhanovsky et al., 
2008a). The induction of proliferation is an early step after HSC 
activation and is stimulated by a number of cytokines includ- 
ing platelet derived growth factor (PDGF) (Pinzani et al., 1989; 
Kinnman et al., 2001). HSC are also undergoing apoptosis dur- 
ing the progression of fibrosis and this increases during fibrosis 
resolution (Reinehr et al., 2008). Overall HSC are resistant to the 



Abbreviations: AR-Ai, adenosine receptor Ai; AR-A2A, adenosine receptor A2A; 
AR-A2B, adenosine receptor A2B; AR-A3, adenosine receptor A3; fi-gal; beta- 
galactosidase; cAMP, cyclic adenosine monophosphate; HSC, hepatic stellate cells; 
NECA, 5/-N-Ethylcarboxamide adenosine; PKA, protein kinase A; SA-P-Gal, senes- 
cence associated P-galactosidase. 



usual initiators of apoptosis such as CD95-L and oxidiative stress, 
and in vivo HSC apoptosis is induced by natural killer cells and 
KupfTer (Fischer et al., 2002; Radaeva et al., 2006). 

The central features of senescence is irreversible growth arrest, 
an enlarged cellular morphology and expression of senescence- 
associated beta-galactosidase (SA-Bgal) (Hayflick, 1965; Dimri 
et al., 1995; Campisi, 201 1). Although cellular senescence was first 
described in 1965 in normal human cells in culture its occur- 
rence in vivo was only confirmed recently when it was shown that 
the fibrotic liver contains a number of senescent cells, and these 
were identified to be predominantly HSC (Krizhanovsky et al., 
2008b). Furthermore if HSC were genetically modified to stop the 
development of senescence, they continued to proliferate result- 
ing in increased fibrosis. The development of senescence is known 
to be dependent on the pl6-Rb and Arf-p53-p21 pathways, and 
the modulation of these pathways can regulate cellular senescence 
(Abriss et al., 2003; Campisi and d'Adda di Fagagna, 2007). 

The decision of HSC fate between proliferation, apoptosis 
and senescence clearly has a very significant effect on the devel- 
opment of fibrosis, yet little is known about how the entry of 
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HSC between these three different states is regulated. A cen- 
tral pro-fibrotic role of adenosine via the A2 receptor has been 
identified, and adenosine results in increased production of col- 
lagen and transforming growth factor-fi (Chan et al., 2006; Che 
et al, 2007; Sohail et al., 2009). The in vivo significance of adeno- 
sine is shown by the fact that mice lacking the A2A receptor 
have reduced liver fibrosis(Chan et al, 2006). Because of this 
we hypothesized that adenosine may be an important regula- 
tor of HSC fate. Adenosine is very well suited for regulating 
HSC fate decisions as it is produced rapidly in the local envi- 
ronment in response to cell stress and damage, and has a very 
short half-life (Feoktistov et al., 2009; Chan and Cronstein, 
2010). 

This study demonstrates that adenosine, via the A2A recep- 
tor down-regulates p53, and Rb and enhances proliferation of 
HSC cell lines and primary cells. This is associated with a reduc- 
tion in HSC apoptosis, and senescence by via a PKA/Racl/P38 
MAPK pathway. This places adenosine as a key regulator of 
these key HSC fate decisions which determine the degree of liver 
fibrosis. 

MATERIALS AND METHODS 
REAGENTS 

Pan adenosine receptor agonist 5'-N-Ethylcarboxamide adeno- 
sine (NECA), an analog of cAMP 8-Bromoadenosine 3':5'-cyclic 
monophosphate (8-Bromo-cAMP), an adenylyl cyclase activa- 
tor forskolin, and a PKA inhibitor H-89 dihydrochloride hydrate 
Sigma-Aldrich (St. Louis, MO). Adenosine receptor A2A receptor 
antagonist ZM241385 and agonist CGS21680 Tocris Bioscience 
(Minneapolis, MN). Myristoylated PKA inhibitor 14-22 amide 
was purchased from Calbiochem (La JoUa, CA). 

LX-2 CELL CULTURE 

Human immortalized hepatic stellate cell line, LX-2 have been 
previously described (Xu et al., 2005). Cells were cultured in high 
glucose (4.5g/L D-Glucose) containing Dulbecco's modified Eagle 
medium (DMEM), 100 lU/ml penicillin, 100 mg/ml streptomycin 
and 5% fetal bovine serum (Invitrogen). Cells were maintained at 
37°C in a humidified atmosphere with 5% CO2. Culture media 
were replaced every 3 days. 

Isolation and culture of HSC 

Male Sprague-Dawley rats (500-700 g) were used for primary 
HSC isolation. Experiments were performed in accordance with 
Institutional Animal Care and Use Committee. HSC were isolated 
via in situ pronase/coUagenase perfusion followed by Opti-Prep 
density gradient centrifugation as described previously (Radaeva 
et al, 2007). HSC were plated in 10% FBS at a density of 1 x 10^ 
cells/ml and then plated onto 6-well plates in 2.5 ml cell suspen- 
sion/well. After 12 h, non-adherent cells and debris were removed 
by washing with HBSS. Purity of the cultures was assessed by typ- 
ical light microscopic appearance at this point. Vitamin A auto 
fluorescence was more than 90% (Figures lA-D). 

Western blots 

Western blot analysis and immuno- detection was performed by 
standard protocols for 2-21 days cultured primary rat HSC 
or human HSC cell line LX-2 cells with indicated treatment. 



Blots were incubated with primary antibodies against a-smooth 
muscle actin (a-SMA; 1:2000; Sigma-Aldrich, St. Louis, MO), 
p53 and Rb (1: 1000; BD Phamingen, San Jose, CA), Racl (1: 
1000; Millipore, Billerica, MA), phospho-p-44/42 MAPK and 
p-44/42 MAPK (1:1000; Cell Signaling Technology Danvers, MA) 
or P-actin (1:1000; Santa Cruz Biotechnology) for overnight at 
4°C followed by 1 h incubation at room temperature with HRP- 
linked IgG secondary antibodies. Blots were visualized by using 
a SuperSignal® West Pico chemiluminescent substrate (Thermo 
Scientific, Rockford, IL). P-actin was developed as a loading 
control. Cell proliferation was determined by 5-bromo-2'-deoxy- 
uridine (BrdU) incorporation assay using commercially available 
Cell Proliferation ELISA, BrdU (colorimetric) kit from Roche 
(Indianapolis, IN). 

Annexin V/PI stained flow cytometric analysis of Apoptosis 

LX-2 cells were plated (2 x 10^ cells/well) in the 6-well plates and 
incubated overnight. Cells were treated with indicated reagents 
and cultured for 24 h. After the treatment cells were exposed to 
H2O2 (100 |xM) for 5h. Dead cells were quantified by annexin 
V-FITC-propidium iodide (PI) double staining, using Annexin V- 
FITC Apoptosis Detection Kit II (BD Biosciences). Experimental 
analysis was performed on FACS Calibur (BD, Arlington, MA) 
and the results were analyzed using WinMDI 2.9 Software (Joseph 
Trotter). 

Senescence-associated p -galactosidase (SA-fi -Gal) Staining 

Rat primary HSC were cultured in the 6 wells plate and SA- 
P-Gal staining was performed using a senescence detection kit 
(Calbiochem, La JoUa, CA). Cells were fixed in P-galactosidase 
fixative solution, washed with PBS and incubated overnight at 
37°C with freshly prepared SA-^-Gal staining solution: 1 mg of 
5-bromo-4-chloro-3-indolyl-P-D-galactoside (X-Gal)/ml (stock 
solution: 20 mg/ml in dimethylformamide) in staining solution 
with staining supplement. Thereafter cells were washed with PBS 
and P-galactosidase-positive cells were counted under bright field 
illumination using Image-J cell counting software. 

Statistics 

All data were shown as means ± s.e.m. Statistical significance 
were analyzed with unpaired student f-test using GraphPad 
Prism software (Version 5.0). P value is < 0.05 was taken as 
significant. 

RESULTS 

MORPHOLOGICAL CHANGES OF PRIMARY RAT HSC DURING 
EXTENDED CULTURE 

HSC activation is characterized by gradual loss of retinoic acid 
and lipid stores, expansion of cytoplasm and gradual conver- 
sion to myofibroblasts leading to increase expression of a-smooth 
muscle actin (a-SMA) (Bataller et al., 2005; Friedman, 2008). We 
confirmed this in the in vitro culture of HSC on plastic. Day-2 
after isolation HSC had the typical rounded and bright appear- 
ance (Figure lA) and became gradually activated, with reduction 
in the retinoic acid and lipid droplets, expansion of cytoplasm 
by day- 10 (Figure IB), finally becoming large flatted myofibrob- 
lastic phenotype by day-21 (Figure IC). These morphological 
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FIGURE 1 I Pan-adenosine receptor agonist (NECA) down regulates 
p53 and Rb level in HSC through adenosine receptor Aja signaling. 

Morphological characteristics of primary rat HSC were recorded for 2-21 
days in the culture and shown (A) at day-2 in quiescent stage, (B) at 
day-10 in activated stage, or (C) at day-21 in highly activated stage. (D) 
Western blot shows expression of a-smooth muscle actin (a-SMA) at 
day-2 and at day-21 as a marker of activated primary HSC. Human HSC 



line LX-2 cells were treated for 2 days with or without 10|iM of NECA 
in presence or absence of either an A2A receptor antagonist ZM241385 
(10 (iM) or agonist CGS21680 (10|aM). The control cells (CTL) were 
treated with DMSO. Primary rat HSC were similarly treated with NECA, 
ZM241385 and, or CGS 21680 for 5 days after 10 days normal culture (at 
the activated stage). (E-G) Western blots of p53 and Rb are shown for 
LX-2 (F-H) and primary rat HSC. 



changes were confirmed by assaying for the expression of a- 
SMA protein levels at day-2 and day-21. a-SMA was virtually 
absent at day-2, and had become highly upregulated by day-21 
(Figure ID). 

NECA SUPPRESSES p53 AND Rb IN LX2 AND PRIMARY HSC THROUGH 
ACTIVATION OF ADENOSINE RECEPTOR Aza 

Since the expression of p53 and Rb levels are important ini- 
tiator of senescence we analyzed their expression and pro- 
tein level with or without treatment with the pan-adenosine 
receptor agonist NECA (Ben-Porath and Weinberg, 2005; 
Krizhanovsky et al, 2008b). NECA (10 (iM) suppressed the 
expression of p53 and Rb protein levels in LX-2 (Figure IE) 
and primary rat HSC (Figure IF). Inhibition of p53 and 
Rb protein levels were reproduced by an A2A receptor ago- 
nist (CGS21680 IOjjlM), and the ability of NECA to inhibit 
p53 and Rb protein levels were blocked by an A2A recep- 
tor antagonist (ZM241385 10(jlM) in LX-2 (Figure IG) and 
primary rat HSC (Figure IH). This demonstrates that p53 
and Rb protein down-regulatory effects by NECA are through 
A2A receptor and its downstream signaling cascades. Furthermore, 
the slight upregulation of p53 and Rb protein levels in the 



presence of A2A antagonist (Figures 1G,H) suggests that back- 
ground levels of adenosine are functional in the usual tissue 
culture. 

NECA ENHANCES CELL PROLIFERATION THROUGH ACTIVATION OF 
ADENOSINE RECEPTOR Aza IN THE LX-2 CELLS AND PRIMARY RAT 
HSC 

The ability of the pan-adenosine agonist NECA to downregu- 
late p53 and Rb protein levels predicts that NECA will induce 
HSC proliferation. When tested NECA significantly increased 
cell proliferation by 0.971 ± 0.125 and 0.233 ± 0.015 over a 
24 h period (p value = 0.001) in LX-2 (Figure 2A) and primary 
rat HSC (Figure 2B) respectively. This response was reproduced 
by an A2A receptor specific agonist (0.93 ± 0.055 in LX-2 and 
0.207 ± 0.006 in primary rat HSC), and completely blocked by 
an A2A receptor antagonist in both LX-2 and primary rat HSC 
(Figures 2A,B)- 

NECA INHIBITS H2O2-INDUCED CELL DEATH IN THE LX-2 CELLS 

HSC apoptosis is known to be a limiting mechanism for liver 
fibrosis. H2O2 provides a severe oxidative stress that induces 
HSC death. NECA-pretreated HSC were significantly resistant 
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FIGURE 2 I NECA enhances BrdU incorporation and decreases 
H202-induced cell death in HSC through activation of adenosine 
receptor A2a- LX-2 cells or 10 days in-vitro cultured primary rat HSC 
were treated with pan adenosine receptor agonist NECA (IOilM), an A2A 
receptor antagonist (ZM241385 10|iM), or an A2A receptor agonist 
(CGS21680 10|iM) for 24h and measured BrdU incorporation. The 
level of BrdU incorporation was shown in (A) LX-2 cells (* = 0.0126, 
§ = 0.00099, f= 0.00428) and in (B) primary rat HSC (« = < 0.001, 



§= < 0.001, J= < 0.001). LX-2 ceils were treated (C) with vehicles 
DMSO, (D) NECA (10 (iM), (E) an A2A receptor antagonist (ZM241385 
lOiiM), or, (F) ZM241385 (lOpiM) plus NECA (IOm-M), or, (G) with an 
A2A receptor agonist CGS21680 (IOm-M) for 24h followed by lOOpiM of 
H2O2 for 5h. (H) Viable and dead cells were quantified by both Annexin 
V and PI staining flow-cytometry (paired symbols mark comparisons with 
significance greater than P of 0.05). (* = 0.0084, § = 0.0017, J = 0.0017, 
# = 0.0084). 



to H2O2 induced cell death. Data showed that 100 [iM of 
H2O2 induced apoptosis by 5 h in control LX-2 (Figure 2C) 
which was inhibited by pretreatment with 10 [lM of NECA 
(Figure 2D). A similar inhibition of H202-induced apoptosis was 
observed by the pretreatment with A2A receptor agonist (10 \iM) 
(Figure 2G). Pretreatment with an A2A receptor antagonist 
significantly enhanced LX-2 cell apoptosis by 100 |xM H2O2 
compared to vehicle treated cells (Figure 2E). Furthermore, 
pretreatment with an A2A receptor antagonist in addition to 
NECA significantly interfered with the ability of NECA- induced 
cellular survival against H2O2 (Figure 2F). Data were quanti- 
fied by annexin V and propidium iodide (PI) staining FACS 
analysis in the Figure 2H. Long term culture of primary rat 
HSC (60 days) in the presence of NECA (10 [xM) signifi- 
cantly enhanced cellular longevity compared to vehicle (DMSO)- 
treated cells (Supplemental Figure 1 A), data were quantified 
in the Supplemental Figure IB using Image-J cell count soft- 
ware. This demonstrates that NECA induced activation of A2A 
receptor reduces HSC death in the presence of severe oxidative 
stress. 



NECA SUPPRESSES SENESCENCE AND SENESCENCE-INDUCING 
MARKERS p53 AND Rb IN THE PRIMARY RAT HSC 

Cellular senescence is a potent barrier to tumorigenesis and lim- 
its tumor cell proliferation and tumor evolution (Serrano et al., 
1997; Schmitt et al, 2002; Braig et al., 2005; Krizhanovsky et al, 
2008a). Moreover senescence of activated HSC limits prolifera- 
tion thereby limiting liver fibrosis by down regulating production 
of extra cellular matrix (Krizhanovsky et al, 2008b). At day-2 
of culture there was no SA-P-gal expression in primary rat HSC 
(Figure 3A). By day 21 of normal culture HSC had entered senes- 
cence (Figure 3B) up to 67.41 ± 6.11% (Figure 3C) as detected 
by SA-fi-gal expression. This was supported by the very high 
level of expression of p53 and Rb at day-2 1 of culture com- 
pared with day-2 (Figure 3D). Treatment of HSC with 10(jlM 
NECA for 21 days significantly reduced the degree of senescence 
to 29.60 ± 5.6% (Figures 3F,G) from 79.2 ± 4.9%, in control 
cells (Figures 3E-G; p value < 0.001). NECA resulted in down 
regulation of both p53 and Rb (Figure 3H) at day 21 of culture. 
For the LX-2 cell line after 40 passages senescent LX-2 cells were 
detected with or without DMSO (Supplemental Figures 2 A,B), 
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FIGURE 3 I NECA suppresses senescence by down regulating p53 and 
Rb in the primary rat HSC. Cells were cultured for 2-21 days and 
senescence detected using SA-p-Gal staining (A) at day-2 or (B) at day-21, 
and (C) the number of senescent cells quantified (* = significant but p 
value is not applicable because first column is totally zero). (D) Western 
blot analysis of p53 and Rb level in the normal culture at the day-2 or, 



day-21. Similarly senescence was detected in the HSC treated (E) with 
vehicle DMSO, or (F) with NECA for 21 days. (G) The number of 
senescence cells was quantified in the cells treated with DMSO (CTL) or, 
with NECA for 21 days using Image-J cell count software (* = < 0.001). 
(H) Western blot analysis of p53 and Rb level in the cells treated with 
DMSO (CTL) or, with NECA for 21 days. 



however we were unable to detect any senescent LX-2 cells in 
either passages-2 (Supplemental Figure 2 A) or NECA treated 
passages-40 (Supplemental Figure 2B). 

NECA SUPPRESSES p53 AND Rb THROUGH PKA/Rac1/p38MAPK 
SIGNALING CASCADES IN THE LX-2 CELLS AND PRIMARY RAT HSC 

We next wished to identify the pathway between A2A recep- 
tor and the p53 and Rb signaling cascades to understand how 
NECA mediates its regulation of HSC. In other systems NECA 
exerts its effect via Gaj-dependent activation of adenylyl cyclase 
resulting in an increased cytosolic cAMP followed by activation 
of PKA (Grant et al, 1999, 2001). We used 8-Bromo-cAMP, 
an analog cAMP which is a known activator of PKA, and an 
adenylyl cyclase activator forskolin to test whether by activa- 
tion of adenylyl cyclase, cAMP and PKA can reproduced the 
downregulation of p53 and Rb, which is showed by the treat- 
ment of NECA. Treatment with 8-Bromo-cAMP (ImM) and 
forskolin (50 |xM) both down regulated the expression of p53 
and Rb in LX-2 (Figure 4A) and primary rat HSC (Figure 4B). 
This demonstrates that the known adenylyl cyclase/cAMP/PKA 
pathway downstream of A2A receptor is able to induce down- 
regulation of p53 and Rb. We further confirmed this pathway 
by using pharmacologically available PKA inhibitors PKi 14-22 
amide (10|xM) or H-89 dihydrocloride hydrate (25 (iM). Both 
PKA inhibitors blocked the suppression of p53 and Rb by NECA 
(Figure 4). It is also known that the activation of p38 MAPK 
results in accumulation of p53 and Rb protein level, resulting in 
senescence (Wang et al., 2002). We checked whether the NECA, 
8-Bromo-cAMP, or forskolin-mediated down regulation of p53 
and Rb were from deactivation of p38 MAPK and/or down reg- 
ulation of upstream of p38 MAPK, Racl. Figure 4 shows that 



NECA, 8-Bromo-cAMP, or forskolin down regulated the protein 
level of Racl and phosphorylation of p44/42 MAPK. This down- 
regulation by NECA was blocked by additional treatment of the 
PKA inhibitor PKAi or H-89. These data show that activation of 
AR-A2A by NECA down regulates the p53 and Rb level through 
PKA/Racl/p38 MAPK pathway (Figure 4C). 

DISCUSSION 

Adenosine is recognized as having an important role in HSC 
differentiation and liver fibrosis (Cronstein, 2004; Chan et al., 
2006; Sohail et al., 2009; Chan and Cronstein, 2010). In response 
to adenosine, HSC up-regulate collagen and transforming growth 
factor, and inhibition of the adenosine A2A receptor signaling 
decreases liver fibrosis in vivo (Chan et al., 2006; Chunn et al., 
2006; Che et al., 2007). We have also recently demonstrated that 
adenosine inhibits platelet-derived growth factor-mediated HSC 
chemotaxis (Hashmi et al, 2007). The rapid production of adeno- 
sine in sites of tissue injury and hypoxia, coupled with its rapid 
removal by ectonucleotidases makes adenosine an excellent mes- 
senger to link injury with tissue repair responses. Because of their 
anti-fibrotic potential several adenosine receptor antagonists are 
in clinical development (Gao and Jacobson, 2007). 

After activation HSC undergo rapid proliferation followed by 
apoptosis or senescence, and each of these cell fates is impor- 
tant at the level of the whole organ (Krizhanovsky et al., 2008b; 
Friedman, 2010). For example inhibition of the senescence path- 
way by deleting p53 results in fewer senescent HSC, a greater 
number of HSC, increased liver fibrosis and slower resolution of 
fibrosis (Krizhanovsky et al., 2008b). The in vivo situation is com- 
plex because these are simultaneous rather than sequential events. 
With the recognition of the important role of HSC proUferation, 
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FIGURE 4 I A cAIVIP analog, or an activator of adenylyl cyclase 
Forskolin, or NECA down regulates p53 and Rb through down 
regulation of Rac1 and decreased activation of p38 IVIAPK in the 
HSC. LX-2 cells were treated for 2 days, and 10 days cultured activated 
primary rat HSC were treated for 5 days with 8-Bromo-cAMP (ImM) or, 
Forskolin (50 (iM) or NECA (10 (iM) in presence or absence of PKA 



inhibitor 12-14 amide (myristoylated; IOm-M) or H-89 dihydrochloride 
hydrate (25|iM). (A) Western blot analysis of p53, Rb, Raci, and p44/42 
MAPK levels in the 2 days treated LX-2 cells. (B) Western blot analysis 
of p53, Rb, Raci, and p44/42 MAPK levels in the 5 days treated 
activated rat primary HSC. (C) Summary of adenosine receptor A2A 
mediated signaling in the process of senescence in HSC. 



apoptosis and senescence in liver fibrosis it becomes important to 
ask how these steps are regulated. To address this we examined 
the role of adenosine in regulating these difl^erent HSC fates. We 
initially chose to focus on p53 and pl6/Rb tumor suppressor 
pathways. The reason for this is that both pathways are central 
to the development of senescence and their regulation would 
give an early indication if adenosine has a role in senescence 
biology (Campisi and d'Adda di Fagagna, 2007; CoUado et al., 
2007). P53 promotes senescence by transactivation of a number 
of genes that inhibit proliferation (He et al., 2007). P16 inhibits 
cyclin-dependent kinases 2 and 4, preventing Rb phosphoryla- 
tion and allowing Rb to promote a heterochromatin environment 
that silences proliferation associated genes (Narita et al., 2003). 
The pan-adenoisne agonist NECA significantly suppressed both 
p53 and Rb in the LX-2 cell line as well as primary rat HSC. 
The known requirement for the adenosine A2A receptor in liver 
fibrosis made it the prime candidate, and was demonstrated to be 
responsible for p53 and Rb suppression. 

Downregulation of p53 and Rb predicted that adenosine sig- 
naling will significantly increase proliferation and reduce apop- 
tosis. This was confirmed by quantifying BrdU incorporation 
and annexin/PI staining for LX-2 and primary rat HSC. The 



specificity of the A2A receptor for proliferation and cell death 
was again demonstrated by the use of receptor specific agonists 
and antagonists. A previous study has reported that adenosine 
signaling does not affect HSC proliferation, however this was lim- 
ited to examining cell lines and lower concentrations of agonists 
and antagonists (Che et al, 2007). Our results demonstrate that 
adenosine downregulated core cell fate pathways of p53 and Rb, 
increased HSC proliferation, and reduced HSC apoptosis. The 
increase in HSC proliferation, even with a block in cell death, 
would not be expected to result in greater HSC number and liver 
fibrosis because proliferating cells enter senescence after a variable 
number of cell cycles (Hoare et al., 2010). This was demonstrated 
to be the case as the majority of primary rat HSC cultured for 21 
days entered senescence, and this was associated with an increase 
in p53 and Rb. In contrast primary rat HSC cultured for 21 days 
in the presence of NECA demonstrated lower levels of p53 and Rb 
and significantly less senescence. 

The above data set establish an important role for adenosine 
in regulating the commitment of a HSC population between pro- 
liferation, apoptosis and senescence. Each of these processes has 
been shown to be important in HSC biology and liver fibro- 
sis, and we propose that by shifting the balance between them 
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adenosine has an amplified effect on the overall HSC population 
and liver fibrosis. In cells other than HSC IL-6 and IL-8 have 
been shown to induce senescence via STATS and suppressor of 
cytokine signaling (Kuilman et al., 2008). In HSC interleukin-22 
has been demonstrated to inhibit HSC activation and apoptosis 
but to induce HSC senescence via a STAT3 and SOCS3 mediated 
pathway (Kong et al., 2012). Thus IL-22 would limit the num- 
bers of HSC entering the activated pool, and would also accelerate 
their removal by increasing senescence. Adenosine by contrast 
increases the entry of HSC into the activated pool, and keeps them 
there by decreasing cell death and senescence. 

Adenosine signals via four receptors, Ai, A2A, A2B, and A3. Of 
these A2A is required for the development of liver fibrosis, which 
fits very well with our demonstration of a role for A2A receptors in 
the adenosine mediated effects on HSC fate decisions. A stimula- 
tory cAMP coupled pathway is known to be present downstream 
of A2A receptor. By using a number of stimulators and inhibitors 
we have demonstrated that an adenyly cyclase, cAMP, PKA, Racl, 
and p38 pathway is responsible for the downregulation of p53 and 
Rb. A number of adenosine antagonists are under clinical devel- 
opment as anti-fibrotics and the identification of this pathway 
makes available additional targets therapeutic intervention. 

In summary we have identified adenosine as the first HSC 
anti-senescence factor. In addition adenosine regulates HSC fate 
decisions of proliferation and cell death. When coupled with 
the known ability of adenosine-A2A receptor to induce HSC 
activation and collagen production it explains the pro-fibrotic 
qualities of this pathway, and supports prioritizing it as a target 
for therapeutic development. 
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Supplemental Figure 1 | NECA enhances cellular longevity in tlie primary 
rat HSC. Cells were cultured without (CTL/DMSO) or with 10 (aM of NECA 
for 60 days. (A) Rat primary HSC were cultured for 60 days without (CTL) 
or with NECA. (B) The number of viable cells was quantitated using 
Image-J cell counts in randomly taken images of 60 days cultured rat 
primary HSC without (CTL) or with NECA (10 (lM) using inverted phase 
contrast microscope. 

Supplemental Figure 2 | NECA suppresses long-term culture-induced f<-Gal 
expression in tlie LX-2 cells. Arrows are indicating expression of p-Gal in 
the nucleus of LX-2. (A) p-Gal expression in 2-40 passages normal culture 
of LX-2 ceils. (B) p-Gal expression in the 40 passages culture of LX-2 cells 
treated without (CTL) or with 10 (lM of NECA. 

REFERENCES 

Abriss, B., Hollweg, G., Gressner, A. M., and Weiskirchen, R. (2003). Adenoviral- 
mediated transfer of p53 or retinoblastoma protein blocks cell proliferation 
and induces apoptosis in culture- activated hepatic stellate cells. /. Hepatol. 38, 
169-178. doi: 10.1016/S0168-8278(02)00361-6 



Bataller, R., Sancho-Bru, R, Gines, P., and Brenner, D. A. (2005). Liver fibroge- 
nesis: a new role for the renin-angiotensin system. Antioxid. Redox Signal. 7, 
1346-1355. doi: 10.1089/ars.2005. 7.1346 

Ben-Porath, I., and Weinberg, R. A. (2005). The signals and pathways acti- 
vating cellular senescence. Int. J. Biochem. Cell Biol. 37, 961-976. doi: 
10.1016/j.biocel.2004.10.013 

Braig, M., Lee, S., Loddenkemper, C., Rudolph, C, Peters, A. H., Schlegelberger, B., 
et al. (2005). Oncogene-induced senescence as an initial barrier in lymphoma 
development. Nature 436, 660-665. doi: 10.1038/nature03841 

Campisi, J. (2011). Cellular senescence: putting the paradoxes in perspective. Curr. 
Opin. Genet. Dev. 21, 107-112. doi: 10.1016/j.gde.2010.10.005 

Campisi, J., and d'Adda di Fagagna, R (2007). Cellular senescence: when bad things 
happen to good cells. Nat. Rev. Mol. Cell Biol. 8, 729-740. doi: 10.1038/nrm2233 

Chan, E. S., and Cronstein, B. N. (2010). Adenosine in fibrosis. Mod. Rheumatol. 
20, 114-122. doi: 10.3109/sl0165-009-0251-4 

Chan, E. S., Montesinos, M. C, Fernandez, P., Desai, A., Delano, D. L., Yee, H., et al. 
(2006). Adenosine A(2A) receptors play a role in the pathogenesis of hepatic 
cirrhosis. Br. }. Pharmacol. 148, 1144-1155. doi: 10.1038/sj.bjp.0706812 

Che, J., Chan, E. S., and Cronstein, B. N. (2007). Adenosine A2A receptor occu- 
pancy stimulates collagen expression by hepatic stellate cells via pathways 
involving protein kinase A, Src, and extracellular signal -regulated kinases 1/2 
signaling cascade or p38 mitogen- activated protein kinase signaUng pathway. 
Mol. Pharmacol. 72, 1626-1636. doi: 10.1124/mol.l07.038760 

Chunn, J. L., Mohsenin, A., Young, H. W., Lee, C. G., Elias, J. A., Kellems, R. E., 
et al. (2006). Partially adenosine deaminase-deficient mice develop pulmonary 
fibrosis in association with adenosine elevations. Am. J. Physiol. Lung Cell. Mol. 
Physiol. 290, L579-L587. doi: 10.1152/ajplung.00258.2005 

CoUado, M., Blasco, M. A., and Serrano, M. (2007). Cellular senescence in cancer 
and aging. Cell 130, 223-233. doi: 10.1016/j.celL2007.07.003 

Cronstein, B. N. (2004). Adenosine receptors and wound healing. Sci. World J. 4, 
1-8. doi: lO.llOO/tsw.2004.1 

Dimri, G. R, Lee, X., Basile, G., Acosta, M., Scott, G., Roskelley, C, et al. (1995). 
A biomarker that identifies senescent human cells in culture and in aging 
skin in vivo. Proc. Natl. Acad. Sci. U.S.A. 92, 9363-9367. doi: 10.1073/pnas.92. 
20.9363 

Feoktistov, L, Biaggioni, L, and Cronstein, B. N. (2009). Adenosine receptors 

in wound healing, fibrosis and angiogenesis. Handh. Exp. Pharmacol. 193, 

383-397. doi: 10.1007/978-3-540-89615-9_13 
Fischer, R., Cariers, A., Reinehr, R., and Haussinger, D. (2002). Caspase 

9-dependent killing of hepatic stellate cells by activated Kupffer cells. 

Gastroenterology 123, 845-861. doi: 10.1053/gast.2002.35384 
Friedman, S. L. (2008). Hepatic stellate cells: protean, multifunctional, and 

enigmatic cells of the liver. Physiol. Rev. 88, 125-172. doi: 10.1152/phys- 

rev.00013.2007 

Friedman, S. L. (2010). Evolving challenges in hepatic fibrosis. Nat. Rev. 

Gastroenterol. Hepatol. 7, 425-436. doi: 10.1038/nrgastro.2010.97 
Gao, Z. G., and Jacobson, K. A. (2007). Emerging adenosine receptor agonists. 

ExpertOpin. Emerg. Drugs 12, 479-492. doi: 10.1517/14728214.12.3.479 
Grant, M. B., Davis, M. I., Caballero, S., Feoktistov, L, Biaggioni, L, and 

Belardinelli, L. (2001). Proliferation, migration, and ERK activation in human 

retinal endothelial cells through A(2B) adenosine receptor stimulation. Invest. 

Ophthalmol. Vis. Sci. 42, 2068-2073. 
Grant, M. B., Tarnuzzer, R. W., Caballero, S., Ozeck, M. J., Davis, M. I., Spoerri, 

P. E., et al. (1999). Adenosine receptor activation induces vascular endothelial 

growth factor in human retinal endothelial cells. Circ. Res. 85, 699-706. doi: 

10.1161/01. RES.85. 8.699 
Hashmi, A. Z., Hakim, W., Kruglov, E. A., Watanabe, A., Watkins, W., Dranoff, J. 

A., et al. (2007). Adenosine inhibits cytosolic calcium signals and chemotaxis in 

hepatic stellate cells. Am. J. Physiol. Gastrointest. Liver Physiol. 292, G395-G401. 

doi: 10.1152/ajpgi.00208.2006 
Haytlick, L. (1965). The limited in vitro lifetime of human diploid cell strains. Exp. 

CellRes. 37, 614-636. doi: 10.1016/0014-4827(65)90211-9 
He, L., He, X. Lowe, S. W., and Hannon, G. J. (2007). microRNAs join the p53 

network-another piece in the tumour-suppression puzzle. Nat. Rev. Cancer 7, 

819-822. doi: 10.1038/nrc2232 
Hoare, M., Das, T., and Alexander, G. (2010). Ageing, telomeres, senescence, and 

liver injury. /. Hepatol. 53, 950-961. doi: 10.1016/j.jhep.2010.06.009 
Houglum, K., Lee, K. S., and Chojkier, M. (1997). Proliferation of hepatic stellate 

cells is inhibited by phosphorylation of CREB on serine 133. /. Clin. Invest. 99, 

1322-1328. doi: 10.1172/JCI119291 



www.frontiersin.org 



April 2014 | Volume 5 | Article 69 | 7 



Ahsan and Mehal 



Adenosine in senescence 



Iredale, J. P. (2001). Hepatic stellate cell behavior during resolution of liver injury. 
Semin. Liver Dis. 21, 427^36. doi: 10.1055/s-2001-17557 

Iredale, J. P., Benyon, R. C, Pickering, J., McCullen, M., Northrop, M., Pawley, S., 
etal. (1998). Mechanisms of spontaneous resolution of rat liver fibrosis. Hepatic 
stellate cell apoptosis and reduced hepalic expression of metalloproteinase 
inhibitors.;. Clin. Invest. 102, 538-549. doi: 10.1172/JC11018 

Kawada, N., Klein, H., and Decker, K. (1992). Eicosanoid-mediated contractility of 
hepatic stellate cells. Biochem. J. 285(Pt 2), 367-371. 

Kinnman, N., Goria, O., Wendum, D., Gendron, M. C., Rey, C., Foupon, R., et al. 
(2001). Hepatic stellate cell proliferation is an early platelet-derived growth 
factor-mediated cellular event in rat cholestatic liver injury. Lab. Invest. 81, 
1709-1716. doi: 10.1038/labinvest.3780384 

Knittel, T., Muller, L., Saile, B., and Ramadori, G. (1997). Effect of tumour necro- 
sis factor-alpha on proliferation, activation and protein synthesis of rat hepatic 
stellate cells./. Hepatol 27, 1067-1080. doi: 10.1016/80168-8278(97)80151-1 

Kong, X., Feng, D., Wang, H., Hong, F., Bertola, A., Wang, P. S., et al. (2012). 
Interleukin-22 induces hepatic stellate cell senescence and restricts liver fibrosis 
in mice. Hepatology 56, 1150-1159. doi: 10.1002/hep.25744 

Krizhanovsky, V., Xue, W., Zender, L., Yon, M., Hernando, E., and Lowe, S. W. 
(2008a). Implications of celliJar senescence in tissue damage response, tumor 
suppression, and stem cell biology. Cold Spring Harb. Symp. Quant. Biol. Ti, 
513-522. doi: lO.llOl/sqb.2008.73.048 

Krizhanovsky, V., Yon, M., Dickins, R. A., Hearn, S., Simon, J., Miething, C, 
et al. (2008b). Senescence of activated stellate cells limits liver fibrosis. Cell 134, 
657-667. doi: 10.1016/j.cell.2008.06.049 

Kuilman, T., Michaloglou, C., Vredeveld, L. C., Douma, S., van Doom, R., 
Desmet, C. et al. (2008). Oncogene-induced senescence relayed by an 
interleukin-dependent inflammatory network. Cell 133, 1019-1031. doi: 
10.1016/j.cell.2008.03.039 

Mohamadnejad, M., Sohail, M. A., Watanabe, A., Krause, D. S., Swenson, E. S., and 
Mehal, W. Z. (2010). Adenosine inhibits chemotaxis and induces hepatocyte- 
specific genes in bone marrow mesenchymal stem cells. Hepatology "bl^ 963-973. 
doi: 10.1002/hep.23389 

Narita, M., Nunez, S., Heard, E., Lin, A. W., Hearn, S. A., Spector, D. L., et al. (2003). 
Rb-mediated heterochromatin formation and silencing of E2F target genes 
during cellular senescence. Cell 113, 703-716. doi: 10.1016/50092-8674(03) 
0040 1-X 

Pinzani, M., Gesualdo, L., Sabbah, G. M., and Abboud, H. E. (1989). Effects of 
platelet-derived growth factor and other polypeptide mitogens on DNA syn- 
thesis and growth of cultured rat fiver fat-storing cells. /. Clin. Invest. 84, 
1786-1793. doi: 10.1172/JCI114363 

Radaeva, S., Sun, R., Jaruga, B., Nguyen, V. T., Tian, Z., and Gao, B. 
(2006). Natural killer cells amefiorate liver fibrosis by killing activated stel- 
late cells in NKG2D-dependent and tumor necrosis factor-related apoptosis- 
inducing ligand-dependent manners. Gastroenterology 130, 435-452. doi: 
10.1053/j.gastro.2005.10.055 

Radaeva, S., Wang, L., Radaev, S., leong, W. L, Park, O., and Gao, B. (2007). Retinoic 
acid signaling sensitizes hepatic stellate cells to NK cell killing via upregulation 
of NK cell activating ligand RAEl. Am. /. Physiol. Gastrointest. Liver Physiol. 293, 
G809-G816. doi: 10.1152/ajpgi.00212.2007 



Reinehr, R., Sommerfeld, A., and Haussinger, D. (2008). CD95 ligand is a profifera- 
tive and antiapoptotic signal in quiescent hepatic stellate cells. Gastroenterology 
134, 1494-1506. doi: 10.1053/j.gastro.2008.02.021 

Rockey, D. C. (1995). Characterization of endothelin receptors mediating rat hep- 
atic stellate cell contraction. Biochem. Biophys. Res. Commun. 207, 725-731. doi: 
10.1006/bbrc.l995.1247 

Schmitt, C. A., Fridman, J. S., Yang, M., Lee, S., Baranov, E., Hoffman, R. M., et al. 
(2002). A senescence program controlled by p53 and pl6INK4a contributes 
to the outcome of cancer therapy Cell 109, 335-346. doi: 10.1016/S0092- 
8674(02)00734-1 

Serrano, M., Lin, A. W., McCurrach, M. E., Beach, D., and Lowe, S. W. 
(1997). Oncogenic ras provokes premature cell senescence associated with 
accumulation of p53 and pl6INK4a. Cell 88, 593-602. doi: 10.1016/S0092- 
8674(00)81902-9 

Sohail, M. A., Hashmi, A. Z., Hakim, W., Watanabe, A., Zipprich, A., Groszmann, 
R. J., et al. (2009). Adenosine induces loss of actin stress fibers and inhibits con- 
traction in hepatic stellate cells via Rho inhibition. Hepatology 49, 185-194. doi: 
10.1002/hep.22589 

Soon, R. K. Jr., and Yee, H. F. Jr. (2008). Stellate cell contraction: role, regula- 
tion, and potential therapeutic target. Clin. Liver Dis. 12, 791-803, viii. doi: 
10.1016/j.cld.2008.07.004 

Wang, W., Chen, J. X., Liao, R., Deng, Q., Zhou, J. J., Huang, S., et al. 
(2002). Sequential activation of the MEK-extracellular signal-regulated kinase 
and MKK3/6-p38 mitogen-activated protein kinase pathways mediates onco- 
genic ras-induced premature senescence. Mol. Cell. Biol. 11, 3389-3403. doi: 
10.1128/MCB.22.10.3389-3403.2002 

Watanabe, A., Hashmi, A., Gomes, D. A., Town, T., Badou, A., Flavell, R. A., e[ al. 
(2007). Apoptotic hepatocyte DNA inhibits hepatic stellate cell chemotaxis via 
toll-like receptor 9. Hepatology 46, 1509-1518. doi: 10.1002/hep.21867 

Xu, L., Hui, A. Y., Albanis, E., Arthur, M. J., O'Byrne, S. M., Blaner, W. S., et al. 
(2005). Human hepatic stellate cell lines, LX-1 and LX-2: new tools for analysis 
of hepatic fibrosis. Gut. 54, 142-151. doi: 10.1136/gut.2004.042127 

Conflict of Interest Statement: The authors declare that the research was con- 
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest. 

Received: 13 February 2014; paper pending published: 11 March 2014; accepted: 25 
March 2014; published online: 10 April 2014. 

Citation: Ahsan MK and Mehal WZ (2014) Activation of adenosine receptor A%^ 
increases BSC proliferation and inhibits death and senescence by down-regulation of 
p53 andRb. Front. Pharmacol. 5:69. doi: 10.3389/fphar.2014.00069 
This article was submitted to Inflammation Pharmacology, a section of the journal 
Frontiers in Pharmacology. 

Copyright © 2014 Ahsan and Mehal. This is an open-access article distributed under 

the terms of the Creative Commons Attribution License (CC BY). The use, distribu- 
tion or reproduction in other forums is permitted, provided the original author(s) 
or licensor are credited and that the original publication in this journal is cited, in 
accordance with accepted academic practice. No use, distribution or reproduction is 
permitted which does not comply with these terms. 



Frontiers in Pliarmacology | infiannnnation Pharmacology 



April 2014 I Volume 5 | Article 69 | 8 



